We present an optical tweezer based study of the rotation of microscopic objects with shape asymmetry. Thermal fluctuations and rotations are simultaneously monitored through laser back scattering. The rotation causes a modulation in intensity of the back scattered light incident on a quadrant photo detector. The resulting power spectrum is a modified Lorentzian with additional peaks located at the fundamental rotational frequency of the object and at the integer harmonics. The manifestation of these peaks reveals that the rotations are periodic but with varying angular velocity. We model our experimental results to illustrate the hydrodynamic interplay between the rotor and the surrounding medium that results in the time dependence of the angular speed of the former. Further, we demonstrate the use of video microscopy for characterization of low reflectivity rotors, such as biological cells. We propose through these studies that an analysis of these rotations can provide insights into the role of hydrodynamics at micron levels.
Introduction
Microscopic objects often show rotations when optically trapped. There can be many reasons for this. The rotations can be due to intrinsic properties of the rotor such as optical birefringence [1, 2] or asymmetries in shape [3] . Rotations can arise from trapping beam properties as well, such as a departure in the cylindrical symmetry which results in unbalanced forces perpendicular to the propagation direction [4, 5] . It has also been demonstrated that transfer of optical orbital angular momentum from a Laguerre-Gaussian beam can generate rotations [6] .
In a study of light driven rotational dynamics of non symmetric carbon nanotube bundles and gold nanorod aggregates by Jones et al. [7] , the frequency and speed of rotation have been measured with high precision. These are deduced from an analysis of the correlation functions of the tracking signal. An interesting question to ask here is whether the angular speed of the rotor is constant during the period of one complete rotation. Taking into account the fact that one is considering a micron sized irregularly shaped body in a viscous environment which has to be actively and constantly driven for rotation to be sustained, there is no strong basis to assume that the angular speed is, indeed, constant.
In one group of studies, the rotations of non symmetric objects are monitored simultaneously with their thermal fluctuations by detection of light backscattered from the rotor with a quadrant photo detector (QPD). The power spectral density (PSD) extracted from this data is a modified Lorentzian as is expected for Brownian motion in the presence of a trap but is further superposed with several prominent peaks. The first peak appears at the fundamental frequency of rotation, as confirmed from the video microscopy (VM) studies done simultaneously, the other peaks being located at the harmonics of the fundamental frequency. While the presence of the peaks is undoubtedly due to a stroboscopic modulation in the intensity of backscattered light due to the rotating object, the ones at the harmonics of the fundamental show that the angular speed of the rotor does vary during a single rotation.
In yet another set of studies, we demonstrate the possibility of extending this technique of measuring and characterizing the rotational frequency of optically trapped objects from the VM recording. This process is very effective for biological objects, since the moderate or low reflectivity of light from these cells prevents formation of strong reflection maxima.
It is our belief that recording rotations of any non symmetric micron sized object in an optical tweezer with a QPD or VM and the subsequent use of a power spectral density analysis on the acquired data can provide very significant clues with regards to the interplay between the rotor and the surrounding media. This becomes all the more pertinent in cases where one deals with objects that are not strictly rigid and can thus buckle and change shape on application of an optical torque leading to hydrodynamic behavior that cannot be predicted from the undistorted shape.
Experimental details
The optical tweezer setup used has been described in detail elsewhere [8] . Briefly, it consists of an Ytterbium fiber laser (1064 nm, used for both trapping and tracking) guided into a 100× (1.4 NA) oil immersion objective on a customized inverted microscope. The instrument is also equipped with an XYZ stage and a QPD for detection of the laser beam back scattered from the object which enables a measurement of the position of the trapped particle. In addition, there is also a provision for video imaging by a high speed CCD camera (200 frames/s, Voltrium, Singapore). For all the experiments discussed, linearly polarized light (better than 99.5%) has been used and video recording of the trapped particle has been carried out simultaneously with the QPD recording of back scattered light. All measurements are carried out at room temperature (295 K). A few, rarely occurring, roughly ellipsoidal polystyrene beads (with long axis of approximately 6 μm and a largest short axes of approximately 4 μm) have been selected from a sample of spherical 3 μm polystyrene beads (Polysciences Inc., USA), dispersed in water and used in our experiments. We have, in addition to the ellipsoidal shaped beads, carried out these measurements on asymmetric particles of nail polish enamel dispersed in water. Nail polish enamel is nitrocellulose dissolved in a solvent like butyl acetate and has a refractive index of about 1.5 [9] . The longest dimension of these particles varied between 3-and 5 μm. The measurements on the rotating objects were carried out for different angular speeds of rotation. The angular speeds were varied in our set of experiments by increasing the laser power. We have confirmed by VM imaging that the objects used in our experiments do not distort in shape while rotating. All the experiments have been performed under conditions where heating and convection effects due to the trap are minimal [10] .
Results and discussion

Analysis of rotation from QPD measurements
When the asymmetric objects are trapped in an optical tweezer they execute rotations because of the laser induced torque [3, 11] . Using a QPD to detect the laser light back scattered from the rotating bead, the fluctuations in the position of the bead as a function of time have been recorded. The fluctuations reveal an overall oscillatory pattern as in Ref. [7] , with a time period that is the same as that of the rotation of the bead as seen in Fig. 1(a) . The time period of rotation is determined from an analysis of the VM recording carried out simultaneously. We find that with increase in laser power, the time period of rotation decreases. The time period of rotation and thereby the fundamental rotation frequency is found to be directly proportional to the laser power and is linear within the range of variation used for each of the rotors ( Fig. 1(b) ).
The PSD extracted from the QPD recorded data at various laser powers for the same bead have been shown in Fig. 2(a-d) . The presence of peaks in the PSD in addition to the expected modified Lorentzian is clearly evident when one compares this data to a PSD extracted for spherically symmetric 3 μm polystyrene bead (see inset Fig. 2(b) ). The peaks are positioned at a fundamental frequency, corresponding to the time period of rotation measured for that particular laser power, and at integer multiples of this fundamental frequency.
Dependence of presence of harmonics on rotation speed
For each of the laser powers used, a progressive decrease in peak heights with increasing harmonic number is observed, the tallest peak being the one located at the fundamental frequency. The decrease in the normalized peak heights is fitted to a first order exponential decay function:
where d is the decay constant and n is the harmonic number with n = 1 standing for the fundamental. Fig. 3(a) shows the decay of peak heights as a function of harmonic number, for different laser powers, for a representative rotor. Fig. 3(b) shows the change in the decay constant as a function of the measured fundamental rotation frequency for all the rotors studied. We see that for all the rotors, the measured, the decay constant increases linearly with the fundamental frequency of rotation. This increase in decay constant goes to show that the rotation becomes increasingly similar to rotations with constant angular speed (regular) as the fundamental frequency of rotation increases, for the range of frequencies (and hence, laser powers) examined here.
Theoretical model
As mentioned earlier, the presence of peaks at harmonics other than the fundamental rotation frequency is a result of a time variation in the angular velocity of the bead. We take the projection of a vector joining the trap center to the center of mass (center of rotation) of the micro rotor on a fixed plane that contains the laser propagation direction as the dynamic variable x 0 . x 0 , thus bears the signature, in one dimension, of the thermal fluctuations undergone by the rotor. We then take the projection of a vector along the long axis of the rotor on a fixed plane passing through the center of mass and parallel to the plane defined earlier as the dynamic variable x. x, thereby, bears the signature of the rotatory motion in one dimension. The schematic is shown in Fig. 4(a) . The linear measurement recorded by the QPD will be a sum of x 0 and x. The variation of x 0 +x with time as measured in the current study can be seen in Fig. 4(b) . The trace is clearly different from that expected for an object rotating with a constant angular velocity (also shown in Fig. 4(b) ) illustrating the nature of irregularity in the rotation.
The experiment is mathematically modelled using the linear one dimensional Langevin equations in x 0 and x. Additional considerations taken into account here are that (i) the inertial term is ignored as can be done for the low Reynolds limit [12] , (ii) apart from a thermally induced stochastic force F s (t), there is a periodic driving force F drive (t) acting on the body (the laser induced driving force) and (iii) the drag coefficient in itself is a function of time due to the hydrodynamic interplay between the rotor and the surrounding medium.
Thus, we have [13] :
where γ 0 is Stoke's drag coefficient (time independent) of the medium (approximated to be the same as that of a spherical particle of diameter 3 μm); k =2πγ 0 f c , the stiffness of the optical trap; f c , the corner frequency as determined from the PSD and∑ n¼0 γ n cosnΩt is the time varying but periodic drag coefficient.
Taking Fourier transforms on both sides of Eqs. (2) and (3) we get
dt' and (1/2a n ) is the height of the delta function located at nΩ.
Eqs. (4) and (5) can be rewritten as
Adding Eqs. (6) and (7) and taking modulus square, we get
where |x 0 (f) + x(f)| 2 is the two-sided power spectrum. The one-sided power spectral density is Hence the single-sided PSD of the bead is given by
which can be recast as 
where D n = χ n (1/2a n ) and the Gaussian representation of a delta function for σ → 0 is used here. We fit our experimental data assuming that F drive (t) in Eq. (3) is purely sinusoidal. We would like to comment here that there is no apriori justification for assuming that the F drive (t) in Eq. (3) is harmonic. In fact, the laser induced driving term arising from shape asymmetry of the rotor is more likely to be composed of anharmonic terms. However, assuming that all the rotors investigated are perfectly rigid, we expect the asymmetric features in their shape, which determine the driving force, to remain the same no matter what the fundamental frequency of rotation is. Thus a periodic driving force arising out of shape asymmetry of the rotor, though anharmonic, ought to maintain the same features in terms of the relative magnitudes of the coefficients of the various harmonics independent of the fundamental frequency. The change in the relative magnitudes of the peak heights as the fundamental frequency changes cannot thereby be attributed to an anharmonic driving force. We believe that this variation is due to the hydrodynamic drag induced on the object by the surrounding media as it rotates.
The model fits the experimentally observed data and locates the peaks at integral multiples of the rotation frequency. The observed width of peaks (0.24 Hz) is due to the finite sampling rate of the data (100 kHz). The coefficients γ n for n≥1 have to be negative in order to obtain the fit. These can be interpreted as components of the drag (lagging by π radians) associated with the fundamental (driving) frequency. Fig. 5(a) shows the variation of fundamental rotation frequency with distance from the cover slip, as the rotating object is shifted along the laser beam axis by changing the focal position. Note that the rotation frequency increases rapidly and stays constant after a certain distance. We have carried out our measurements at these distances to ensure elimination of any effects due to the cover slip. Fig. 5(b) shows the PSD corresponding to that in Fig. 2 (c) but recorded through forward scattering technique (back focal plane interferometry). The peak associated with the first harmonic is more prominent than the fundamental unlike the corresponding peaks in Fig. 2(c) . Against a bright background, a roughly ellipsoidal bead will appear the same twice in any single rotation thus enhancing the peak corresponding to the first harmonic. It is thereby imperative that the backward scattering technique which is more sensitive to the features of an object be used for such studies. Note that we find that the PSD extracted for oscillating but non rotating flat elongated objects in an optical trap shows identical peak heights for backward and forward scattering measurements carried out simultaneously.
VM analysis
A repetition of the above analysis was carried out from the VM recording of the bead in order to test the efficacy of a VM-based technique in analyzing the rotations. Fig. 6(a) is the two dimensional projection of the trajectory of a rotating bead formed from position tracking using an algorithm, in which the intensity center of mass of a feature (i.e. the particle's local intensity maxima) is fitted assuming a Gaussian intensity distribution [14] . The corresponding one dimensional power spectral density of the rotating bead obtained is shown in Fig. 6(b) . Here, only peaks corresponding to the fundamental frequency of rotation and its harmonics are observed. No "knee" corresponding to the corner frequency in the PSD is seen due to the limited scan rate of the video imaging camera which restricts the monitoring to lower frequencies of the spectrum. Fig. 6(c) is an enlargement of the central marked region of Fig. 6(a) . This suggests a rotation pattern that can be expected from an asymmetric top.
Measurement of rotational frequency of a trapped RBC
As mentioned earlier, the VM based measurement technique can be effective for monitoring rotating objects with limited reflectivity from laser back scattering. We carry out these measurements on a rotating human RBC immersed in a hypertonic phosphate buffer 
Conclusions
We present a technique for characterizing rotations of optically trapped asymmetric objects. Our analysis indicates that the rotations are periodic but with a time varying angular velocity, as can be surmised from the presence of peaks at the fundamental rotational frequency and additionally, at higher order integer harmonics, superimposed on a modified Lorentzian in the power spectrum. We have successfully modeled this power spectral density along with Gaussian peaks at integer multiples of the fundamental frequency of rotation assuming a time dependent hydrodynamic interplay between the rotor and the surrounding media. We demonstrate the efficacy of VM analysis in characterizing irregular rotations of rotors with low reflectivity from laser scattering, such as biological cells. We believe that this method of characterizing rotations assumes particular significance in studying rotations of bodies which are not completely rigid. Buckling under an optical torque could even cause a change of shape from a symmetric form (where rotation seems unlikely) to an asymmetric form which rotates. Such studies in biological cells could in principle yield information on changes in cell membrane elasticity. In future, we intend to extend these measurements to engineered shapes of micro rotors which have regular features, so as to enable a more detailed study on the micro hydrodynamic response to the rotations. We also intend to extend, with appropriate optics, the range of laser power used so as to examine the hydrodynamic response of the fluid as the rotation frequency is increased further beyond what is reported. The work reported here is a preliminary demonstration of the use of power spectral analysis to extract information with regards to the role of hydrodynamics in rotations occurring at the low Reynolds number regime at micrometer length scales.
